The degradation patterns of Eucalyptus globulus wood by several wood-rotting fungi from the groups of ascomycetes, basidiomycetes and deuteromycetes were studied by analytical pyrolysis coupled to gas chromatography/mass spectrometry. The pyrograms of sound and degraded eucalypt wood showed several major peaks from lignin breakdown, identified as guaiacol, 4-methylguaiacol, 4-vinylguaiacol, eugenol, syringol, trans-isoeugenol, 4-methylsyringol, 4-ethylsyringol, 4-vinylsyringol, 4-allylsyringol, syringaldehyde, trans-4-propenylsyringol, acetosyringone, syringylacetone and propiosyringone. Products arising from carbohydrate pyrolysis could also be recognized. Similar pyrolysis compounds were found during analysis of sound and decayed wood, but differences were observed in their relative abundances. Relative peak areas were calculated for guaiacyl (G) and syringyl-type (S) lignin breakdown products, as well as for compounds arising from carbohydrates. Several basidiomycetes were found to be the most efficient lignin degraders on eucalypt wood as revealed by lignin/carbohydrate ratio from pyrolysis products. Among them, Poria sub6er-mispora caused the most intense removal of lignin moiety from eucalypt wood. A decrease of lignin S/G ratio was observed during wood delignification, the lowest ratio being found also in the wood treated with P. sub6ermispora. This is due to the preferential biodegradation of ether-linked S-lignin yielding a residue enriched in G-lignin that is more recalcitrant towards fungal attack because of its higher condensation degree. On the other hand, deuteromycetes preferentially degraded the carbohydrate moiety while the ascomycetes included in this study did not show any particular preference in the degradation of eucalypt wood constituents. © 2001 Elsevier Science B.V. All rights reserved. 
Introduction
Biodegradation of lignin, a macromolecule typical of vascular plants, is as yet poorly understood. The relative rates to which cellulose, hemicellulose and lignin are attacked vary depending upon the fungi and the degradation conditions. This is an important matter for the development of biotechnological applications based on the preferential removal of lignin by fungi providing cellulose-enriched substrates to be used as animal feed or as raw material in paper pulp manufacturing or biofuel production. Lignin biodegradation has been extensively investigated using the white-rot basidiomycete Phanerochaete chrysosporium and different lignin model compounds. From these studies a general degradation mechanism involving the oxidative cleavage of side-chains and aromatic rings of lignin units has been proposed [1] .
Lignin is a very complex macromolecule synthesized by enzymatic polymerization of p-coumaryl (4-hydroxycinnamyl), coniferyl (4-hydroxy, 3-methoxycinnamyl) and syringyl (4-hydroxy, 3,5-dimethoxycinnamyl) alcohols, being the respective precursors of p-hydroxyphenyl (H), guaiacyl (G) and syringyl (S) phenylpropanoid lignin units linked by C C and ether bonds [2] . The most complex HGS lignins are typical of grasses (herbaceous angiosperms), whereas hardwoods (woody angiosperms) contain GS lignins, and G lignins are characteristic of softwoods (woody gymnosperms). The macromolecular complexity of lignin limits the possibilities for analyzing its structural alteration after fungal treatment. Traditional oxidative degradation methods, spectroscopic and pyrolytic techniques have been used with this purpose. Analytical pyrolysis coupled with gas chromatography-mass spectrometry (Py -GC/MS) is a powerful tool for the characterization of plant constituents, especially lignin [3 -6] . Lignin is pyrolyzed to produce a mixture of relatively simple phenols which result from cleavage of ether and certain C C linkages. These phenols retain their substitution patterns from the lignin polymer, and it is thus possible to identify components from the H, G and S lignin units.
In this paper we studied the structural alteration of lignin in eucalypt (Eucalyptus globulus) wood by a wide set of wood-rotting fungi. Py -GC/MS was used to analyze the lignin/carbohydrate ratio and the modification of lignin after wood treatment with fungi from the groups of basidiomycetes, ascomycetes and deuteromycetes.
Material and methods

Fungal strains and solid-sate fermentation (SSF)
The fungi tested for wood degradation (Table 1) were obtained from the fungal culture collections of the Centraalbureau voor Schimmelcultures (CBS) in Baarn (The Netherlands) and the Centro de Investigaciones Bioló gicas (IJFM collection) in Madrid (Spain).
Wood treatment with fungi was carried out in flasks containing 2 g of sterilized wood (small chips of 1 -2 per 10 -20 mm) and 6 ml of water (duplicate), inoculated with two plugs of mycelium grown on 2% malt-extract agar (a non-inoculated control was included). After 40 days incubation at 26°C and constant humidity, the wood was dried (in an aerated oven at 60°C), milled and extracted with acetone in a Soxhlet apparatus. Then, Klason lignin content was estimated after previous hot-water extraction, following rule T 222-os [7] .
Curie-point flash pyrolysis-gas chromatography-mass spectrometry
The pyrolysis was performed with a Varian Saturn 2000 GC/MS, using a 30 m × 0.25 mm DB-5 column (film thickness 0.25 mm), coupled to a Curie-point pyrolyzer (Horizon Instruments Ltd). Approximately 100 mg of finely divided sample was deposited on a ferromagnetic wire, then inserted into the glass liner and immediately placed in the pyrolyzer. The pyrolysis was carried out at 610°C. The chromatograph was programmed from 40°C (1 min) to 300°C at a rate of 6°C , while the GC/MS interface was kept at 300°C. The compounds were identified by comparing the mass spectra thus obtained with those of the Wiley and Nist computer libraries and by mass fragmentography. Table 1 shows the bulk analytical characteristics (wood weight loss, lignin content and degradation rate, and extractive content) of the eucalypt wood after SSF with the selected wood-rotting fungi assayed. From these data, it is apparent that some fungi caused a strong degradation of lignin, such as the basidiomycetes Poria (synonym: Ceriporiopsis) sub6ermispora, Melanotus hepatochrous, Crepidotus 6ariabilis and Bjerkandera adusta (that degraded 30-50% of the initial lignin present in wood). M. hepatochrous produced a strong wood weight loss (26%) in 40 days, compared with the other fungi that generally did not attained 10% loss. With the only exception of Pleurotus pulmonarius, all the basidiomycetes decreased the lignin content of wood revealing a preferential removal of lignin with respect to polysaccharides. Other fungi, mainly ascomycetes and deuteromycetes, did not decrease significantly the lignin content in eucalypt wood and produced low or negligible wood weight losses. In general terms, ascomycetes are not able to attack the woody cell wall [8] . In contrast, the white-rot basidiomycetes can degrade all major components of the woody cell wall including lignin [9] .
Results and discussion
Fungal degradation of eucalypt wood
Analytical pyrolysis of eucalypt wood treated with fungi
Although most of the actual knowledge of microbial and enzymatic degradation of lignin comes from the use of simple model compounds, useful information can be obtained from the analysis of molecular alterations of the lignin macromolecule during fungal attack. Analytical pyrolysis coupled to GC/MS can provide information on the changes in the composition of lignin during wood biodegradation. Pyrograms of sound E. globulus wood and wood treated with two selected fungi (the basidiomycete P. sub6ermispora and the deuteromycete Paecilomyces sp.) are shown in Fig. 1 . Table 2 lists the identities and the relative abundances of the lignin-derived compounds released upon Py -GC/MS of the different samples of E. globulus wood treated with the 16 fungi studied. Similar compounds were encountered in the Tables 2 and 3, respectively. Table 2 Semiquantitative analysis of the lignin and carbohydrate components released after Py-GC/MS of the fungal treated E. globulus wood Compound 
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Trans-4-propenylsyringol treated woods and in the sound eucalypt wood. The pyrogram of eucalypt wood shows several major peaks, identified as 4-vinylguaiacol (peak 5), eugenol (6), syringol (7), trans-isoeugenol (10), 4-methylsyringol (11), 4-vinylsyringol (16), 4-allylsyringol (18) and trans-4-propenylsyringol (22). Other prominent pyrolysis products identified in the eucalypt wood pyrograms were guaiacol (1), 4-methylguaiacol (3), 4-ethylsyringol (14) , syringaldehyde (21), acetosyringone (24), syringylacetone (25) and propiosyringone (26). Some products arising from pyrolysis of carbohydrates can also be recognized in Fig. 1 , and their identities are shown in Table 3 . The main carbohydrate derived compounds are 3-hydroxypropanal (peak d), 2-furaldehyde (g), two dihydro-5-methylfuran-2-ones (j,k) and 4-hydroxy-5,6-dihydro-(2H)-pyran-2-one (l). Minor amounts of levoglucosan were also identified in all the samples as a non-resolved peak. However, these products were of limited diagnostic value for the analysis of individual components of the carbohydrate wood fraction, and they were quantified as a whole.
Lignin/carbohydrate and S/G ratios from wood pyrolysis
Relative peak areas were calculated for carbohydrate, and G and S lignin breakdown products (Table 2 ). Some differences were observed in the relative abundances of the released lignin and carbohydrate-derived compounds and therefore in the degradation pattern caused by the different fungi. Among them, some basidiomycetes, such as P. sub6ermispora, C. 6ariabilis and P. radiata, preferentially degraded lignin as evidenced by a decreased ratio between lignin and carbohydrate pyrolysis products, while some of the deuteromycetes, such as Paecilomyces sp., seemed to produce a preferential degradation of carbohydrates, and thus increased the lignin/carbohydrate ratio ( Table 2) . It is necessary to mention that some basidiomycetes that degrade the eucalypt lignin may show a low decrease in the lignin/carbohydrate ratio due to a parallel degradation of carbohydrates. The differences in the lignin/carbohydrate ratio can be explained by the different kinetics of lignin and carbohydrates degradation by the different fungi.
The S/G ratio reported for sound E. globulus wood by Py -GC/MS (in the presence of a methylating agent, tetramethylammonium hydroxide) varies from 5.6 to 6.4 [10] in agreement with the data reported here. In general terms, most of the fungi selected for this study decreased the lignin S/G ratio as revealed by Py -GC/ MS, and the preferential degradation of S units was especially evident in the wood treated with P. sub6ermispora and Funalia trogii. The higher biodegradability of the S lignin compared to the G one has been indirectly evidenced in several other studies (using CuO oxidation and thermochemolysis methods) showing the decrease of S/G ratios during degradation of lignocellulosic substrates by different white-rot fungi [11 -13] . The fungal degradation of the lignin side-chains is also evidenced by Py-GC/MS that showed the decrease in the phenylpropane (ph-C3) compounds and the concomitant increase of the phenylmethane and phenylethane (ph-C1-2) products by most fungi ( Table 2) . Fig. 2 shows a plot of S/G ratio versus lignin/carbohydrate ratio. The three groups of fungi -basidiomycetes, deuteromycetes and ascomycetes -could be easily differentiated in this plot. While most basidiomycetes showed a decrease in lignin/carbohydrate ratio as calculated by Py -GC/MS, deuteromycetes showed an increase in lignin/carbohydrate ratio and the ascomycetes tend to maintain this ratio. This means that, in general terms, basidiomycetes preferentially degraded the lignin moiety in eucalypt wood leaving a residue enriched in cellulose. Thus, C. 6ariabilis, P. radiata and P. sub6ermispora are among the fungi that preferentially degrade the lignin moiety in eucalypt wood. Deuteromycetes, on the other hand, preferentially attack the cellulose moiety, leaving a residue enriched in lignin. However, in some cases the attack to lignin is apparent by the decrease in S/G ratio and the increase in phenylmethane and phenylethane units compared with phenylpropane units. This is the case with the deuteromycete Paecilomyces sp. that caused an increase in lignin/carbohydrate ratio, but also decreased the S/G ratio and increased the Ph-C1,C2/Ph-C3 ratio, suggesting that although this fungus preferentially attacks the cellulose, a part of the lignin moiety has also been degraded. It is interesting to note that P. chrysosporium, a very well known white-rot fungi that has the ability to oxidize and depolymerize lignin does not show a strong lignin degradation in eucalypt wood (Table 2 ). However, although P. chrysosporium does not cause a strong decrease in lignin/carbohydrate ratio (probably due to a parallel degradation of carbohydrates) the attack to lignin is still apparent by the decrease of S/G ratio.
Principal component analysis from abundance of lignin pyrolysis products
A principal component analysis (PCA) was performed to get further insight into the degradation patterns of the different fungi used to treat eucalypt wood. For the PCA, only the main lignin-derived pyrolysis products (i.e. peaks 3, 5, 6, 7, 8, 9, 10, 11, 14, 16, 18, 20, 21, 22 , 24, 25 and 26) were used and two principal components Table 2. were extracted. The cumulative percentages of the total inertia explained by each component were as follows, 29% (PC1) and 56% (PC1 -2). The PC2 positively correlates with most phenylpropanoid (ph-C3) and non-oxygenated compounds (peaks 8, 10, 18, 20, 22) and negatively with most of the phenylmethane and phenylethane (ph-C1-2) products and most oxygenated compounds (i.e. 3, 5, 7, 9, 11, 16, 21, 25, 26) . Similar results were obtained when including the total areas of carbohydrate peaks as another variable. This suggests that the fungal degradation pattern of eucalypt wood can be explained by the lignin-derived compounds released upon pyrolysis.
The plot of the two first components (Fig. 3) shows a differentiation between the three main groups of fungi, and particularly between the degradation patterns of ascomycetes and deuteromycetes. The plot shows a less intense lignin degradation of eucalypt lignin by ascomycetes. On the other hand, according to Fig. 2 , deuteromycetes preferentially degrade carbohydrates (strongly increasing the lignin/ carbohydrate ratio) but still produces some degradation on the lignin moiety as shown by the decrease in the S/G ratio. In the PCA plot, the lignin degradation by deuteromycetes is also apparent by the distance of this group of fungi with respect to the control untreated wood. Finally, the PCA plot also shows the high variability among the lignin degradation patterns of the different basidiomycetes, although most of these fungi are located in the same region of the plot. Fig. 3 . Principal component analysis of pyrolyzed E. globulus wood degraded by the different fungi assayed. The loading factors for the different variables (lignin-derived Py -GC/MS peaks) correspond to their coordinates on the two first axes. For identification of samples (fungal species abbreviations) and variables (numbers) see Table 2 . Codes: basidiomycetes ( ), ascomycetes (), deuteromycetes ( ), control wood ().
Concluding remarks
Curie-point pyrolysis is a suitable technique to detect the fungal reworking or the extent of the fungal degradation of lignocellulosic matrix which cannot be straightforwardly detected with the standard gravimetric analyses. The above Py -GC/MS results are in agreement with the fact that white-rot basidiomycetes are the most efficient lignin degraders in nature [14] . Among those selected for the present study, the most selective degradation of eucalypt wood lignin was obtained after wood treatment with P. sub6ermipora. In contrast the ascomycetes selected for this Py-GC/MS study did not show any particular ability to degrade carbohydrates or lignin in eucalypt wood.
The white-rot basidiomycete P. sub6ermispora has been investigated for the development of 'biopulping' applications in paper pulp manufacture because of its ability to remove selectively lignin from both softwood and hardwood [15] including eucalypt wood [16] . A recent work has shown that selected strains of P. sub6ermispora have the ability to facilitate both acid sulfite pulping and bleaching processes of E. grandis wood [17] .
It is interesting to note that P. sub6ermispora efficiently degrades non-phenolic lignin despite the fact that this fungus does not produce lignin peroxidase, a ligninolytic enzyme produced by other white-rot fungi that has the ability to oxidize these non-phenolic units. Its ligninolytic system is known to be composed of manganese peroxidase and laccase [18] . The mechanism utilized by this fungus to degrade lignin is being studied [19] .
